Both preclinical and clinical data suggest that activation of the PI3K/AKT/mTOR pathway in response to hormonal therapy results in acquired endocrine therapy resistance. We evaluated differences in activation of the PI3K/AKT/mTOR pathway in estrogen receptor a (ERa) positive primary and corresponding metastatic breast cancer tissues using immunohistochemistry for downstream activated proteins, like phosphorylated mTOR (p-mTOR), phosphorylated 4E Binding Protein 1 (p-4EBP1) and phosphorylated p70S6K (p-p70S6K). For p-mTOR and p-4EBP1, the proportion of immunostained tumor cells (0-100%) was scored. Cytoplasmic intensity (0-3) was assessed for p-p70S6K. The difference between expression of these activated PI3K/ AKT/mTOR proteins-in primary and metastatic tumor was calculated and tested for an association with adjuvant endocrine therapy. In patients who had received endocrine therapy (N 5 34), p-mTOR expression increased in metastatic tumor lesions compared to the primary tumor (median difference 45%), while in patients who had not received adjuvant endocrine therapy (N 5 37), no difference was found. Similar results were observed for p-4EBP1 and p-p70S6K expression. In multivariate analyses, adjuvant endocrine therapy was significantly associated with an increase in p-mTOR (p 5 0.01), p-4EBP1 (p 5 0.03) and p-p70S6K (p 5 0.001), indicating that compensatory activation of the PI3K/AKT/mTOR pathway might indeed be a clinically relevant resistance mechanism resulting in acquired endocrine therapy resistance.
Until recently, interference with estrogen receptor alpha (ERa) and/or HER2 signaling were the only molecular targeted therapies clinically available for breast cancer patients. With the approval of everolimus for postmenopausal patients with ERa-positive metastatic breast cancer, targeting the PI3K/AKT/mTOR pathway has become a new therapeutic option in the disease. In breast cancer cell lines exposed to long term estrogen depletion, activation of the PI3K/AKT/ mTOR pathway occurs as an adaptive change and results in hormone independent cell growth. 1 This escape from hormone dependency can be overcome by exposure of cells to inhibitors of the PI3K/AKT/mTOR pathway, like mTOR inhibitors. 1, 2 Metastatic breast cancer patients with previous exposure to endocrine therapy do derive substantial benefit from the addition of an mTOR inhibitor to endocrine therapy compared to endocrine therapy alone. 3, 4 This suggests that mTOR activation in response to anti-estrogens is indeed a clinically relevant mechanism, resulting in acquired endocrine therapy resistance. Nevertheless, the occurrence of compensatory activation of the PI3K/AKT/mTOR pathway in response to anti-estrogens has not yet been well established in clinical samples. Tumor biopsies from patients that progressed after treatment with anti-estrogens are not routinely taken in clinical practice. In addition, in prospective randomized trials, fresh biopsies from metastatic tumors are hardly ever mandatory. In a small series of primary breast tumors and their distant metastases, Akcakanat et al. observed discordant expression of phosphorylated 4EBP1, a marker of mTOR activity. 5 Most of these primary tumors were ERa negative and thereby an association with adjuvant endocrine Key words: PI3K/AKT/mTOR pathway, endocrine therapy, acquired hormone resistance Additional Supporting Information may be found in the online version of this article. This is an open access article under the terms of the Creative Commons Attribution-Non-Commercial-NoDerivs Licence, which permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made. 
Material and Methods
From a previously described series of 233 breast cancer patients from whom both primary tumor tissue as well as metachronous nonbone distant metastatic tumor tissue was collected, 6 we selected patients based on adjuvant treatment data, which were obtained from The Netherlands cancer registry (IKNL, The Netherlands (http://www.ikcnet.nl/)). In The Netherlands, adjuvant hormonal therapy became standard of care for high-risk postmenopausal women around the year 1995 and for high-risk premenopausal women around 1999. From the total of 233 breast cancer patients, 174 primary breast tumors were ERa positive and a total of 60 of these ERa positive patients were treated with adjuvant endocrine therapy. Sufficient tumor material was available for 42 ERa positive patients who had received adjuvant endocrine therapy (original diagnosis 1985-2005). A comparable amount of control patients (n 5 42) who had not received adjuvant endocrine therapy was selected (original diagnosis . The association between these two groups and known prognostics factors was calculated using Mann Whitney U or Fisher exact tests. Immunohistochemical analysis was carried out on 4-lm sections. ERa, progesterone receptor (PgR) and HER2 status were determined as previously described. 6 Samples with 1% or more immunopositive ERa or PgR malignant cells were classified as hormone receptorpositive according to the new ASCO guidelines. 7 Primary tumor and corresponding metastatic tumor tissue were stained for the expression of activated proteins downstream in the PI3K pathway using standardized protocols on the Ventana BenchmarkV R Ultra system automatic immunostainer with monoclonal antibodies raised against p-mTOR(Ser2448) (cell signaling No. 2976), p-4EBP1 (cell signaling 9456) and p-p70S6K (cell signaling 9206) (Supporting Information  Table S1 ). For p-mTOR and p-4EBP1, the percentage of immunostained tumor cells was scored by one observer (J.W. and J.S., respectively). Cytoplasmic intensity (0-3) was assessed for p-p70S6K (scored by J.S.). Scoring of tumor slides was performed blinded to other data in the paired samples. The difference in expression of these activated proteins between primary and metastatic tumor was calculated. We assessed whether this difference between primary and metastatic tumor was associated with known clinicopathological factors (age, location of metastasis, lymph node status, T-stage, grade, HER2 status and PgR status) or varied between patients who did and did not receive endocrine therapy, using Mann-Whitney tests. In addition, we performed a multivariate linear regression model including the same clinico-pathological factors.
Results
Of the 84 selected patients, a total of 71 (34 from patients who had received adjuvant endocrine therapy and 37 from patients who had not received endocrine therapy) could be used for analysis after staining with p-mTOR. For p-4EBP1 and p-p70S6K changes, a total of 67 and 68 tumor pairs, respectively, could be adequately assessed (Supporting Information Fig. S1 ). Location of metastasis was predominantly skin (N 5 26) and liver (N 5 21). In addition, metastases were localized in brain (N 5 13), lung (N 5 7) or gastrointestinal (N 5 4). Median time to metastasis was 54 months. Patient characteristics of both endocrine-treated patients and patients who had not received endocrine therapy are shown in Table 1 . Patients who had received endocrine therapy were older and had more often lymph node positive compared to patients who had not received adjuvant endocrine therapy.
In the total group of 71 patients evaluable for p-mTOR changes, median p-mTOR expression in primary tumor tissue was 40% (41% mean), compared to 80% (65% mean) in tumor biopsies from metastatic sites. Median p-4EBP1 expression in primary tumor tissue was 20% (31% mean), compared to 60% (48% mean) in tumor biopsies from metastatic sites. The majority of tumors were negative for p-p70S6K. Mean cytoplasmic p-p70S6K intensity score in primary tumor tissue was 0.16 compared to 0.38 in tumor biopsies from metastatic tumors.
In univariate analyses, none of the evaluated clinicopathological factors was significantly associated with a differential p-mTOR change between primary and metastatic tumor tissue (Table 2) . A high grade primary tumor was associated with increased p-4EBP1 expression in metastatic tumor tissue compared to the primary tumor ( Table 2) . Positive HER2 status was associated with increased p-p70S6K
What's new? Inhibitors of the PI3K/AKT/mTOR pathway can overcome the resistance to estrogen-depletion therapy that often develops in metastatic breast cancer. In this study, the authors compared primary and metastatic tumors; their results suggest that activation of the PI3K/AKT/mTOR pathway in patients who receive adjuvant endocrine therapy is a clinically relevant mechanism of acquired hormone resistance. For identification of companion diagnostics for PI3K/AKT/mTOR inhibitors, the authors conclude that analyzing primary tumor tissue may often fail to predict treatment response in metastatic breast cancer. expression in metastatic tumor tissue compared to the primary tumor ( Table 2 ). In patients who had received endocrine therapy we observed an increase in both p-mTOR and p-4EBP1 expression in metastatic tumor tissue compared to the primary tumor (median difference 45 and 30%, respectively) (Figs. 1a and 1b). This was significantly different from the change observed in patients who did not receive endocrine therapy (median p-mTOR difference 0% and median p-4EBP1 difference 0%) ( Table 2 and Figs. 1a and 1b) p 5 0.003 and p 5 0.02, respectively). Comparable results were observed for p-p70S6K, with a mean increase of 0.52 in patients who had received adjuvant endocrine therapy, compared to a -0.06 in patients who did not receive adjuvant endocrine therapy (p 5 0.002) ( Table 2 and Fig. 1c ).
In multivariate regression models, adjuvant endocrine therapy was significantly associated with an increase in p-mTOR (p 5 0.01), p-4EBP1 (p 5 0.03) and p-p70S6K (p 5 0.001) ( Supporting Information Tables S2-S4 ). In addition, in multivariate analysis, a positive PgR status was associated with an increase in p-mTOR (p 5 0.01). The results of multivariate regression analysis did not substantially change when a cutoff of 10% was applied for ERa positivity. A sensitivity analysis performed in patients who did not receive chemotherapy showed no significant association between adjuvant endocrine therapy and change in p-4EBP1 (p 5 0.38) or p-p70S6K (p 5 0.12) ( Supporting Information Tables S5 and S6 ). However adjuvant endocrine therapy remained significantly associated with an increase in p-mTOR expression in metastatic tumor tissue compared to primary tumors (p 5 0.005) (Supporting Information Table S7 ).
Discussion
In this study, we showed that adjuvant endocrine therapy is significantly associated with an increase in expression of downstream activated proteins in the PI3K pathway in biopsies from subsequent metastatic tumor tissue compared to corresponding primary tumor tissue. This suggests that PI3K pathway activation in response to anti-estrogens results in acquired hormone resistance.
The observed increase in p-mTOR expression in metastatic tumor tissue was not only associated with adjuvant endocrine therapy, but in our multivariate analysis we did also observe an association with a positive progesterone receptor status. It is well known that PgR expression is driven by estrogen receptor signaling. 9 We hypothesize that tumors that are highly dependent on ER-signaling are more likely to acquire activation of additional growth factor pathways compared to tumors that are not selectively dependent on ER-signaling. A limitation of our study is the lack of a control group of patients that did not relapse. The analysis of PI3K/AKT/ mTOR pathway activation in a control group of adjuvant endocrine treated patients who did not relapse is however unfeasible. To analyze differences in PI3K/AKT/mTOR pathway activation between responders and nonresponders, serial biopsies from patients treated with neo-adjuvant endocrine therapy would be suitable. Cavazonni et al. 2 observed an increase in PI3K/AKT/mTOR related gene and protein expression in a small series of breast tumor biopsies from patients who progressed after neo-adjuvant endocrine therapy (N 5 9). Unfortunately, tumor biopsies from patients who did not progress were not analyzed. Nevertheless, these and our results suggest that adaptive activation of the PI3K/AKT/ mTOR pathway in response to adjuvant endocrine therapy is a clinically relevant mechanism resulting in acquired endocrine therapy resistance. An alternative explanation for the observed increase in PI3K/AKT/mTOR pathway activity could be that endocrine therapy results in clonal selection of tumor cells that are not selectively dependent on estrogen signaling. Although it is conceivable that small biopsies might have had better fixation and therefore would be more likely to stain for phospho-proteins, the observed increase in expression of phosphorylated PI3K/AKT/mTOR pathway proteins in the group of endocrine treated patients was significantly different from the group of patients who did not receive endocrine therapy, and is therefore not likely to be simply explained by difference in fixation. Apart from acquired adjuvant endocrine therapy resistance, activation of the PI3K/AKT/mTOR pathway has previously been associated with intrinsic resistance. Retrospective analysis of p-mTOR expression in primary tumor tissue from breast cancer patients randomized between adjuvant tamoxifen versus no systemic therapy indicated that those patients whose tumor exhibit high p-mTOR expression do not benefit from adjuvant tamoxifen. 10, 11 Similar results were observed for p-p70S6K expression. 10 Activation of the PI3K/AKT/mTOR pathway does not only result in endocrine therapy resistance, but may also cause trastuzumab resistance in HER2 positive breast cancer. 12 Similar to our results, Chandarlapaty et al. observed a higher rate of PI3K/AKT/mTOR pathway activation in metastatic breast tumors from patients with previous exposure to trastuzumab compared to trastuzumab na€ ıve controls. 13 The number of patients treated with trastuzumab in our series was too small to analyze the association between trastuzumab and differences in activation of the PI3K/AKT/mTOR pathway. Considering these adaptive molecular changes in response to various treatments, it seems clear that the biological behavior of a metastatic tumor cannot always be predicted by the molecular make-up of the primary tumor. Consequently, for identification of companion diagnostics for molecular targeted drugs, analysis of primary tumor tissue is likely to fail to predict treatment response in the metastatic setting. As an example, biomarker analysis in metastatic breast cancer patients who participated in the Cleopatra trial (randomizing between Pertuzumab and placebo) failed to identify a subgroup of patients particularly benefitting from dual HER2 blockade. 14 The majority of analyzed tumor tissue in this study originated from primary tumors. Translational studies within the TAMRAD phase II trial were selectively performed in primary tumor tissues from a subset of 51 patients. In this small subset, only a trend towards increased benefit from the addition of everolimus to tamoxifen was observed for patients with high expression of p-4EBP1). 15 Biomarker analysis in primary tumor tissue from 227 patients who participated in the Bolero-2 trial showed that the benefit from everolimus added to exemestane was regardless of genetic alterations in the PI3K pathway. 16 Since inhibitors of the PI3K/AKT/mTOR are not without side effects, one would like to specifically identify those patients who will substantially benefit from these drugs. For identification of potential companion diagnostics for these drugs, it is of utmost importance to mandate biopsies from metastatic tumor lesions in future clinical trials. This will improve our knowledge about drug sensitivity and escape mechanisms and thereby accelerate developments that may eventually result in managing hormone receptor positive breast cancer as a chronic disease.
Short Report
In conclusion, we observed a significant association between adjuvant endocrine therapy and PI3K/AKT/mTOR pathway activation in metastatic breast tumor tissue, suggesting that compensatory activation of the PI3K/AKT/mTOR pathway is a clinically relevant mechanism resulting in acquired hormone resistance. This stresses the importance of performing biopsies from metastatic tumor lesions, not only for predictive biomarker identification in clinical trials but also in general clinical practice.
